In this papcr we describc a safc method for the determination ofthc structure of block copolymcrs in concentratcd solution and in the dry statc. This mcthod involves the use of both Iow angle x-ray diffraction and electron microscopy. Using these two techniques, we have established thc cxistcnce of five types of structures for block copolymcrs and shown that when thc composition of the copolymcr in the insoluble blocks incrcases one observes succcssively: a centred cubic structure; an hexagonal structurc, a lamellar structure, an inverted hexagonal structure and an inverted centred cubic structure. We also describe the effect of the concentration of the solvent, thc temperat~1 re and the polymerization of thc solvent.
INTRODUCTION
It is now well known that. in thc presence of suitable solvents. amorphaus block copolymers exhibitliquid crystalline phases 1 • 2 . The structural elements ofthese liquid crystallinc phascs are in the order of some hundred Angstroms. Thc study of structures on this scale obviously calls for low angle x-ray scattering and electron tnicroscopy.
X-ray diffraction easily provides the structural type (lamellar. hexagonal or cubic) and the main lattice parameter (thickness ofthe sheets foralamellar structure. distance between thc axes ofthe cylinders forahexagonal structure. distance of the centres of the spheres for a cubic structure). But the detailed determination of the structure and the calculation of all its parameters require an hypothesis on the rcspective disposition of the different blocks and the solvent.
The usc of electron microscopy avoids such an hypothesis 3 -5 However. the state ofviscous liquid ofthe mesomorphic gels prcsents important difficulties for electron microscopic studies. To overcome these difficulties it is necessary to solidify the , copolymer-solvent system by a post polymerization of the solvent 3 • 4 . Another difficulty with electron microscopy is the necessity for the staining of one block · ·Nevertheless, the use of both x-ray diffraction and electron microscopy 1s the safest method to determine the structure of block copolymers in PAC-3ß'-2-B solution and in the dry state. We shall justify this assertion in thc present paper.
STRUCTURAL DETERMINATION
2.1 Principle of a safe structural determination 4 ' 5 In a practical point of view. how have we to proceed to perform a safe determination of the structure of block copolymers?
At first we prepare mesomorphic gels by dissolution of the copolymcr in a monomer which is a prefercntial solvent of onc block. The principal monomers used are : styrene, MMA, BMA. VAcO, dichloropropene. acrylic acid. The principal copolymcrs studied · are: polystyrene-polybutadiene (SB) 4 • 6 , polybutadiene-polystyrene-polybutadiene (BSB) 5 • 7
, polystyrenepolybutadiene-polystyrene (SBS) polyisoprcne-polyvinyl-2-or polyvinyl-4-pyridine (IVP)
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, polyisoprene -polymethylmethacrylate (I.MMA) 15 , polybutadiene-polyvinylnaphthalene (B.VN) 16 , polybutadiene-polymethylstyrene (B.MS) 17 , polybutadienepolybenzylglutamate (BG) 18 . Then. using weil focussed and strictly monochromatic x-rays, wc resolve the structure of the mesomorphicgel by low angle x-ray scattering. We fully polymerize the monomer by u.v. light or with a peroxide. We verify. by low angle x-ray scattering, that the periodic structure has not been destroycd by polymerization and we measure its ncw parameters.
After studying the solid sample by x-ray diffraction. we cut it with an ultramicrotome, stain the diene block by fixation of osmium tetroxidc on thc double bonds of the polydiene, and study the ultrathin sections with an electron microscope. Resulting from the method of staining used. the diene blocks appear black and thc othcr blockslight on clcctron micrographs.
Determination and description of the structures
The study of x-ray diffraction pattP .. :JS obtained with both mcsoinorphic gels (concentrated solution of the copolymer in a preferential solvent of one block) and organized copolymers (solid saT"1ples obtained by polymerization of a monomer used as solvent) prepared from block copolymers containing between 10 and 90 per cent of one block shows that:
(i) all x-ray patterns obtained can be classified in threc familics. cach correspondingto a weil determined structural type: lamellar. cylindrica] or cubic; (ii) x-ray pattems obtained before and aftcr polymerization of the solvent belong to the same family. Therefore. the structural typeisnot modified by polymerization and the results, provided by electron microscopy on solid samples. can be extrapolated to mesomorphic gels without any risk of error.
Using the results of both x-rays and electron microscopy we have c· stablished the existence of one type of lamellar structure. two of hexagonal st.ructure and two of cubic structure. Weshall describe these structures and give their characteristic features in x-ray diffraction and electron microscopy.
.1 Lamellar structure
The first family ofx-ray diffraction patterns is characterized by the presence of' a series of fiv. e or seven sharp lines in their central region; their Bragg spacingsare in the ratio: 1, 2, 3, 4, 5, 6, 7 ... typical of a layered structure. A typical electron micrograph provided by an ultrathin section of a solid sample giving a diffraction pattern characteristic of this layered structure is shown in Figure 1 .
SBS.364
2oooA Figure 1 . Electron micrograph ofthe copolymer SBS.364 swelled with 30% MMA In this figure (corresponding to the copolymer SBS.364 swelled in 30 per cent MMA) one can see a · striated structure formed by parallel stripes alternately black ( containing the polybutadiene blocks coloured by osmium tetroxide) and white (containing the polystyn!ne blocks swe,lled by the · polymerized MMA). This striated structure results from the section of the lamellar structure by a plane perpendicular to the planes of the sheets.
Therefore we can describe the lamellar structure pictured in Figure 2 as a set of plane parallel equidistant sheets; each sheet results from the superposition of two layers, one formed by insoluble blocks B, the other by the solution in the preferential solvent S of the soluble blocks A.
The total thickness d = dA + da of a sheet is .given directly by the Bragg spacing of the :x-ray pattern, or directly measured on the electron micrographs (to have an accurate value of d by electron micröscopy it is necessary to use electron micrographs provided only by sections perpendicular to the planes of the sheets
.
The thicknesses dA and' da of the two layers are directly measured on the micrographs or calcuJated from the intersheet .spacing d given by x-rays. using a formula basedonsimple geometry. 
Hexagonalstructures
The second family of x-ray diffraction patterns is also characterizcd by the presence of five sharp lines in the central region. But their reciprocal spacings are in the ratio: L .)3, ,/4, ) 7, "/9, which is characteristic of a bidimcnsional hexagonal array.
Electron micrographs of solid samp1es providing such x-ray diagrams have allowed us to distinguish two different structures corresponding to the same family of x-ray patterns. Figures 3 and 5 are examples of such electron micrographs. They are of two types: Figure 3 is characterized by black spots on a white background, while Figure 5 is characterized by white spots on a black background. Figure 3 , one can see electron micrographs of sections in two perpendicular directions (the insert is at a slightly higher scale than the main figure) of the copolymer BSB.374 (31.5 per cent polybutadiene). For the main Figure 3 , the plane of cutting is perpendicular to the axis of the long cylinders and one can see black spots on a white background. The spots have the shape of circles which · are distinct and isolated: they are arranged in an hexagonal array in agreement with x-ray results. The insert is a section of the same copolymer by a plane. perpendicular to the plane of cutting of the main figure. One can see a striated structure in which the black stripes are sections of polybutadiene cylinders by a plane nearly parallel to the direction of their axes. So we are in the presence of cylinders and not of spherical particles.
.1 Hexago;tal structure--In
Therefore the cylindrical hexagonal structure (pictured in Figure 4 ) consists of indefinitely long cylinders arranged in a regular hexagonal two dimensional array; the long cylinders containing the insoluble blocks B are separated from one another by the solution of the soluble blocks A. Figure 4 . Schcmatic represcntation of the hexagonal structure of a BAB copolymcr Figure 5 , one can see micrographs of sections in two perpendicular directions (the insert is at a slightly higher scale than thc main Figure) of the copolymer BSB.421 (74 8 pcr cent polybutadiene).
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Inverted hexagonal structure-In
In the main figure, one can see, on a black background, white spots arranged in an hexagonal array : thcy are sections of long cylinders by a plane ncarly perpendicular to the direction of their axes. In the inscrt. one can see alternativcly white and black stripes: the white stripes arc sections of the cylinders by a plane nearly parallel to the direction of thcir axes. In the main Figure 5 , the circles are white. therefore thc cylinders are filled with the polystyrene blocks A in solution in thc solvent S as pictured in Figure 6 .
From the micrographs of Fiyures 3 and 5. one can deduce the existence of two types of cylindrical structures: one with cylinders filled by insoluble polybutadiene blocks. the other with cylinders filled by polystyrene in solution in the solvent. We call these hexagonal and inverted hexagonal structures respectively. They can be distinguished from one another only by electron microscopy. 2R of the cylinders. D is directly given by the Bragg spacings of x-ray diffraction patterns. or directly measurcd on electron micrographs . 2R is directly measured on electron micrographs 5 or calculated from the value of D given by x-rays. using formulae basedonsimple geometrical considerations.
Characteristic parameters of the two
For the hexagonal structure:
For the inverted hexagonal structurc:
where VAs is the specific volume ofthe solution oftheblock A in the solvent S.
Cuhic structures
The third family ofx.ray diffraction patterns is characterized by thc presence offour sharp lines in their central region. Their reciprocal spacing:s are in thc ratio: 1, .J2, .J3, .J4which is characteristic ofa cubic structurc; but from such patterns it is very difficult to know if the cubic lattice is simple or centred.
Electron micrographs of solid samples providing such x-ray diagrams have allowed us to distinguish two different structures corresponding to the same family of x-ray patterns 1 9 One type of electron micrograph is characterized by black spots on a white background (SB copolymers < ca. 18 per cent polybutadiene) and the other type by white spots on a black background (SB copolymers > ca. 80 per cent polybutadicne) 19 . For the two types of micrograph the circular spots are arranged in an hexagonallattice (plane 111) or in a square lattice (plane 100) 20 . Therefore we can deduce the existencc of two types of cubic centred structure : the cubic centred structure and the inverted cubic centred structurc,
The characteristic parameters of the two types of cubic structurcs are: (a) the side a of the cubic cell directly givcn by the Bragg spacings of x-ray patterns or directly measured on electron micrographs ; (b) the diamcter 2R of the spheres directly measured on electron micrographs or calculated from the value of a given by x-rays using fonnulae based on simple geometrical considera tions. For the centred cubic structure:
For the inverted centred cubic structure:
.4 Comparison q{' x-ray and electron micrograph results
The values of the structural parameters found by x-rays and electron microscopy are in good agreement as illustrated by Tab/es 1. 2 and 3. for SB, BSB and SBS copolymers. D is distance hetwecn the axesof two neighbouring cylinders. 2R is diametcr of the cylinders. XR is x-ray diffraction. and EM is electron microscopy .
For the intersheet spacing d o[ the lamellar structure and the distance D between the axis of two neighbouring cylinders of the hexagonal and the inverted hexagonal structure the agreement is vcry good (the measurements on electron micrographs being made on a great number of sheets or cylinders). The average difference is about 5 per cent and never exceeds 10 per cent.
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For dA (thickness of the polystyrene layer), d 8 (thickness of the polybutadiene layer). and 2R (diameter of the cylinders) the agreement is not so good but nevertheless it is satisfactory.
.5 Localization of the solvent
Two methods can be used for studying the localization ofthe solvent in the mesomorphic structures. is the same in the dry copolymer and in the mesomorphic gels. Therefore the solvent (MEK, MMA, styrene) does not enter the polybutadiene domains or. ifit eventually enters them, it is in very smalt amounts (less than 10 pcr cent).
On the contrary, for polyisoprene-polyvinylpyridine copolymers with a microstructure of the polyisoprene block of about haif-and-half 3.4 and 1.2). the 1' g of the polyisoprene blocks changes with the amount of solvent in the mesomorphic gels: therefore there is an important partition coefficienl for the solvent in such copolymers 23 .
In the case of polystyrene-polyisoprene 1,4 cis, it has been impossible to use the DSC technique, bccause the ~ of the polyisoprenc 1.4 cis blocks is near -80°C. that is to say in the vicinity of the melting point of the solvent used.
Study of the structure .factor---It
is well known that the respective intensities of the different difTraction orders on x-ray patterns change with the n!spective thi<;;kticsses of the two layers for the lamellar structure. with the diameter of the cylinders for the hexagonal structurc, and with the diameter of the spheres for the cubic structure. Thus the study of the relative intensities of the reflections allows us to evaluate these structural parameters and then to calculate the partition coefficient. , To illustrate this procedure we shall take the example of the lamellar structurc.
The structure factor of a lamella is given by 11 :
lamellar where 0 z is the direction perpendicular to the plane of the sheet and p( z) is , the distribution· of the electron , density sketched in Figure 7 . By integration of the eqliation 7, taki:qg acco~nt of the symmetry of the structure. one obtains.:
ORGANIZED STRUCT,URES IN BLOCK COPOLYMERS
where n is the diffraction order and· vA and v 8 are the nurober of electrons per Angstrom cube for the·layers ofthickness dA and d 8 . Figure 7 . Schcmatic representation of the distribution of the electron density for a lamellar structure 11 The intensity of the reflections is proportional to F 2 and the comparison of the relative intensities of the different diffraction ordcrs gives thc value of dA/d. Then, by using formula 1, one can calculate the value of thc partition coefficient q> A. We have found for toluene and SI lA cis copolymers. <PA = <Pps = 0.6: for MMA and SB 12 copolymers. q> A = (Pps > 0.9. in agrcement with thc DSC results.
DOMAINS OF STABILITY OF THE DIFFERENT STRUCTURES
The principal factors governing the stability ofthe mesomorphic structures are the composition of the copolymer. the concentration of the solvent and the temperature.
Effect of the composition of the copolymer
For SB, BSB and SBS copolymers for instance, the type of structure adopted by the copolymer is determined by its composition. When the proportion of polybutadiene increases from 10 to 90 per cent one observes successively:
(a) a cubic centred structure formed by spheres of polybutadiene till about 18 per cent; (b) an hexagonal structure formed by cylinders of polybutadiene till about 35 per cent (c) a lamellar structure formed by alternate layers of polystyrene and polybutadiene till about 65 per cent; (d) an inverted hexagonal structure formed by cylinders of polystyrene swelled by the solvent till about 80 per cent; (e) an inverted centred cubic structure formed by spheres of polystyrene swelled by the solvent.
Effect of the concentration of the solvent
Mesomorphic structures are observed for solvent concentrations smaller than about 45 per cent for copolymers with molecular weight between about 20000 and 200000.
Effect of temperature
The study, by DSC equipped with tight cells, of mesomorphic gels of SB. BSB and SBS copolymers containing less than 45 per cent of solvent. has 
FACTORS GOVERNING lliE STRUCTURAl. PARAMETERS
Among the factors governing the geometrical parameters of the mesomorphic structures, wc sha11 only describe here the effect of the solvent concentration, the molecular weight ofthe copolymer and the polymerization of the solvent.
Influence of the solvent concentration
We have to consider two cases. The first consists of systems copolymersolvent with CfJA ?: 0.9, that is to say, the solvent practically does not enter the domains formed by the B blocks. Such systems are generally characterized by a decrease of the lattice parameter (intersheet spacing for the lamellar structure, distance between cylinders or spheres for the hexagonal or cubic structures) when the solvent concentration increases. Copolymers SB, SBS and BSB with polybutadiene 1,2 blocks, put in solution in MEK. MMA or styrene, are representative of this first dass of systems. The second case is formed by systems copolymer~solvent with 0·4 < (PA < 0.6, where the solvent swells the two blocks. Such systems are generally characterized by the fact that the lattice parameter increases with solvent concentration. A typical cxample is polystyrene-polyisoprene 1,4 cis copolymers in solutiori in toluene or styrene.
AB and A BA polystyrene-polybutadiene 1,2 copolymers
We shall describe thc influence of the solvent concentration upon the three following types of structure: lamellar. hexagonal and inverted hexagonal. 4.1.1.1 Lamellar structure --The effect of the solvent concentratio.n on ·the geometrical parameters of the lamellar structure is illustrated by Fiyure 11 where we have plotted the structural parameters of the copolymer SBSJ62 versus styrene concentration. One can see that when the solvent concentration increases: (a) the intersheet spacing d and the thickness d 8 of the insoluble polybutadiene layer both decrease; (b) the thickness dA ofthe soluble polystyrene layer and the average surface S available to a molecule both increase.
4.1.1.2
Hexagonaland inver~ed hexagonal structures--In order to illustrate the effect of the solvent concentration on the two types of hexagonal struc-. tures, we have plotted the variation of the structural parameters of the hexagonal and the inverted hexagonal structures versus solvent concentration in Figure 12 and Figure 13 respectively. available to a molecule increases. But the variation of the diameter of the cylinders is different for the two structures. For the hexagonal structure (copolymer BSB.373, Figure 12 ) the diameter 2R of the cylindcrs filled with theinsoluble polybutadiene blocks decreases. On the contrary, for the inverted hexagonal structurc (copolymer SBS.365, Figure 13 ) the diameter 2R of the cylinders filled with the polystyrene blocks swelled by the solvent (MEK) increases .
Copolymers polystyrene-polyisoprene 1,4 cis
We shall only describe the behaviour of the lamellar structure. Wc shall take as example the copolymer polystyrene-polyisoprene 1,4 cis SI.822 in toluene solution (Figure 14) . 4.2 lnßuence of the molecular weight of tbe copolymer Among the different copolymers studied it is the lamellar structure of BSB copolymers which has the largest domain of stability. So weshall illustrate the influence of the molecular weight of the copolymer · on the structural parameters with the results obtained for the lamellar structure ofBSB copolymers. As shown in Figure 15 , the intersheet spacing d increases monotonically with the molecular weight ofthe copolymer. For all systems studied x-ray difTraction gives the same structurc before and after polymerization ofthe solvent. The Figures 16 (SB.33) , 17 (BSB.374) and 18 (SBS.365) illustrate the variation of the structural parameters of each structural type during polymerization. The examination of these figures shows that the polymerization of the monomer involves a contraction of the characteristic parameter ofthe soluble polystyrene blocks :.dA for the lamellar structure (Figure 16 ), D-2R for the hexagonal strupture ( Figure 17) and 2R for the inverted hexagonal structure (Figure 18 ). The determination of the structure of dry copolymers has also becn performed by using both low angle x-ray diffraction and electron microscopy. Nevertheless, a regular structure is obtained with dry copolymers only after su bmitting the copolymer to annealing, extrusion or shearing. depending upon the structural type of thc polymer.
Cubic structure
Copolymers containing less than about 18 per cent of one block reveal a cubic structure after annealing at high temperature (T > 150oq during more than 30 days 20 .
Hexagonal structure
Copolymers with composition in the shortest blocks between about 18 and 35 per cent reveal a weil ordered hexagonal structure after extrusion at high tempcrature in an apparatus ofthe type described by Kcller As with all problems involving the equilibrium between phascs, the most favourable configuration corresponds to that which minimizes the total free encrgy. The problern of rnicrophase segregation involves an evaluation of the change in the contribution to the free energy. when a certain dispersed phase is forrned frorn sorne reference state, which generally corresponds to perfect rnixing of thc phases.
As thc free energy change is:
thc problern will be solvcd if changes in thc enthalpy (~H) and in the entropy (~S) can be calculated. To simplify we shall only consider Meicr's theory 29 . In Mcier 's theory, particular attention is given to the uniform filling of space by the chain segments to achieve a uniform density and an accurate evaluation of the configurational entropy constraints imposed by the particular domain morphology is made.
To makc an analytical approach possible, hc assumes that random flight statistics is applicable enabling the generat diffusion equation to be used. Then he calculates the probability distribution of chains within a domain as a function of its size. The stable domain size isthat corresponding to a uniform density. Thus he finds: for spheres, radius R = 1.33cx.K J 'vf + :. for cylinders, radius R = l.Oücx K . : w · !-; and for lamellae, thickness d = l.40cxK Jvf! where K is a constant relating unperturbed end-to-end chain dimensions to molecular weight, M is the molecular weight of chains in dispersed phase, and r:t. is the chain expansion parameter.
Thus, in order to achieve a uniform density of chain segments within a domain, the chains must have cnd-to-end dimensions which are different from those of a random coil.
Then he evaluates the chain density in the matrix and employs a domain separation which Ieads to a matrix possessing a uniform dcnsity. When such a condition is satisfied, the chain expansion parameters in thc A and B phases are related by the following expressions : The evaluation of (f.A and (1. 8 in order to predict domain dimensions is carried out by minimizing the free energy consisting of the three following contributions: (a) the elastic energy due to the deformation of the A and B random coils, (b) the surface free energy due to the interface between A and B segments, and 21 (c) the constraint free energy due to the fact that A and B segments are con~ fined to restricted volumes.
Thus Meier calculates the relative free energies for each domain shape and finds t}lat morpholog!cal changes occur at determinate ratios of bleck lengths: expressing his results in per cent weight fractiOn of the shortest component, he finds 33 for the sphere-cylinder and 37.5 for the cylinder-· lamellae transitions. · Experimentally we have found 18 ± 2 for the sphere-·cylinder and 35 ± 5 for the cylinder-lamellae transitions.
The domain of stability predicted by Meier's theory is too large for spheres and too small for cylinders.
CONCL USION
In this paper, we have shown that the safe determination of the structure ofblock copolymers in concentrated solutionandin the dry state involves the use of both low angle x-ray diffraction and electron microscopy. Using these two techniques systematically we have established the existcnce of five types of structure and determined their domains of stabilÜy. The description of these five structures can be summarized as follows:
(i) The cubic structure results from the arrangement in a centred cubic lattice of spheres filled by the insoluble blocks of the copolymer.
(ii) The hexagonal structure consists of long cylinders filled with the insoluble blocks and arranged in an hexagonal array.
(iii) The lamellar structure consists of equidistant, plane and parallel sheets: each sheet is formed by the superposition of two layers: one containing theinsoluble blocks the other containing the soluble block and the solvent.
(iv) Theinverted hexagonal structure consists of long cylinders filled with the soluble blocks swelled by the solvent and arranged in an hexagonal array.
(v) The inverted cubic structure consists of spheres filled with the soluble blocks swelled by the solvent and arranged in a centred cubic lattice.
Studying the localization of the solvent in these structures we have shown that block copolymers can be classified in two categories. The first consists of copolymers where the solvent does not enter the microdomains forrned by one type of blocks; such copolymers exhibit the five types of structures already described. The second consists of copolymers where the solvent swells the two types of blocks; for such copolymers it is not necessary to distinguish between the cubic and the inverted cubic structures. and between the hexagonal and the inverted hexagonal structures. For both categories. it is the composition of the copolymer, or more precisely the volume of the phases formed by the two types of blocks, which determines the structure adopted by the copolymer. Theoretical treatmcnts predict such a behaviour at least qualitatively 14 • 29 . 22
